Induced germ-line deletion mutations in the mouse provide a malleable experimental system for in-depth molecular and functional analysis of large segments of the mammalian genome. To obtain an initial bank of molecular probes for the region of mouse chromosome 7 associated with the albino-deletion complex, random anonymous DNA clones, derived from a library constructed from flow-sorted chromosomes, were screened on DNAs from Mus musculus-Mus spretus F, hybrids carrying large, multilocus, lethal albino deletions. Clones falling within a given deletion interval can easily be recognized because hybridization bands that represent restriction fragment length polymorphisms specific for the mutant (deleted) chromosome inherited from the M. musculus parent will be absent. Among 72 informative clones used as probes, one, which defines the locus D7ORI, mapped within two deletions that are 6-11 centimorgans in length. Submapping of this anonymous done across a panel of 27 smaller deletions localized D70RJ distal to a chromosomal subregion important for survival of the preimplantation embryo, proximal to globin [,], and near the shaker-1 (sh-1) locus. The results of these deletion-mapping experiments were also confirmed by standard three-point linkage analysis. This strategy for selection and rapid mapping of anonymous DNA probes to chromosomal segments corresponding to germ-line deletion mutations should contribute to the generation of more detailed physical and functional maps of genomic regions associated with mutant developmental phenotypes.
The generation and study of heritable mutations in the mouse allow the identification and localization of genes essential for normal mammalian development by associating mutant developmental phenotypes with specific subregions of the genome. Radiation-induced, germ-line deletion mutations, such as those surrounding the albino (c) locus in chromosome 7 of the mouse (1) (2) (3) , have been useful for building detailed functional maps of genomic regions (2-7). Crosses among 34 independent, recessive lethal c mutations recovered in radiation-mutagenesis experiments originally yielded a linear, 13-group complementation/deletion map comprised of at least eight functional units (2) . Fig. 1 depicts the current proposed genetic map of this region. The Df(c Mod-2 sh-)FqI mutation, which may be the longest of the deletions, is 6-11 centimorgans (cM) in genetic length (2) and may be missing 6-to 20 -megabase pairs of DNA. The segment of DNA deleted in this mutant includes the marker loci c (albino; tyrosinase), Mod-2 (mitochondrial malic enzyme) and its closely linked regulator Mdr-1 (15) (16) (17) (18) , and sh-J (shaker-1), a gene that participates in inner-ear development (19) (20) (21) . Moreover, complementation analysis has provided evidence for the following: at least four subregions necessary for survival of the preimplantation and implantation embryo (1-3, 9-13); one subregion, proximal to c, that is important for survival of the neonate (2, 3) and is hypothesized to encode a trans-acting factor important for regulation of metabolic enzymes and serum proteins (3, (22) (23) (24) ; and one subregion, denoted in Fig. 1 as JS (juvenile survival), which, when deleted, gives rise to infertility in males, spontaneous midgestation abortion in females, and decreased fitness in both sexes (2, 14) .
Although it has been possible to associate general developmental phenotypes with this nested set of germ-line deletions, the actual number and nature(s) ofgenes present within the region associated with Df(c Mod-2 sh-1)Ffi have yet to be determined. Indeed, the early-death phenotypes associated with some of the longer deletions may be masking the effects of additional early-acting, as well as later-acting, genes. We have, therefore, been developing strategies to refine both the physical and functional maps of the entire Df(c Mod-2 sh-l)FqI region. This report describes the use of genomic DNAs from Mus spretus-Mus musculus interspecific hybrids carrying c-region deletion chromosomes for the selection and rapid subregion-mapping of random, anonymous clones derived from a DNA library enriched for chromosome 7 sequences.
MATERIALS AND METHODS
Mice. The 129/Rl-p C h/p c segregating inbred strain was bred at the Oak Ridge National Laboratory, as were closedcolony, outbred stocks of M. spretus and M. musculus domesticus carrying radiation-induced deletions of the c locus or the balanced reciprocal translation T(X;7)5R1. Breeding nuclei of outbred M. spretus were provided by V. Chapman ( (2) . Marker loci are taupe, tp; albino (tyrosinase), c; mitochondrial malic enzyme, Mod-2; shaker-1, sh-I; and globin (,3 chain), Hbb. ip is the most proximal locus. Emv-23 is the integration site of an endogenous murine ecotropic provirus (8) . Functional units (open boxes), defined by developmental phenotypes expressed by segments of unknown physical size and complexity, are defined by complementation analysis of 34 independent c-locus deficiency mutations (2) and represent implantation survival (IS), neonatal survival (NS), juvenile survival (JS), and preimplantation survival (PS). The functional units associated with the development of the embryonic ectoderm (EE) and the extraembryonic ectoderm (ExEE) (9) , respectively, are subdivisions of Russell's (2) second implantation-survival unit. Deletions of the IS, PS, EE, and ExEE functional units are associated with death of the embryo before (PS) or shortly after (IS, EE, ExEE) implantation (9-13). The NS unit is needed for neonatal survival and corresponds to a locus encoding a trans-acting regulator for metabolic enzymes and other proteins (for review, see ref.
3), and the JS unit is associated with male sterility (14) and reduced fitness in both sexes (2) . Heavy lines below the functional map indicate the presumed extents of the Oak Ridge c deletions in each complementation group. The letter designation (Va, Vb, A, Ai, Bem, Bex, Bp, C, Di, Dj, Dp, Dq, E, Fp, Fq) indicates the complementation group, and the number in parentheses represents the independent mutations assigned each group. All deletions are homozygous lethal except for the V groups, Va and Vb; occasionally, however, some C/C homozygotes can survive to well past a year. Broken lines shown for complementation groups Di and Dj indicate uncertainties about the distal extents of these deletions with respect to the EE and ExEE regions. The shaded box represents the proposed map position of the D70RI locus described in this report.
sacrificed, and high-molecular-weight DNA was prepared from their spleen or liver as described (26) .
Construction of a Library from Flow-Sorted Translocation Chromosomes. A simian virus 40-transformed cell line was produced with methods described elsewhere (27) , from muscle fibroblasts derived from a male carrying the T(X;7)5R1 translocation (28) . Nuclei in this cell line contain two copies of the T(X;7)5Rl translocation chromosome, which carries the distal four-fifths of chromosome 7 and is =1.4 times the length of chromosome 1, the longest normal mouse chromosome (28) . Chromosomes were isolated from this line (which was tetraploid, XY) by using a modified technique of Fuscoe et al. (29) . Cells were blocked in mitosis using colchicine (5 X 10-7 M) and resuspended in 0.75 M KCl for 30 min at room temperature. Chromosomes were released into the polyamine isolation buffer by passage through a 26-gauge needle. The chromosome suspension was stained with propidium iodide (10 ,ug/ml), and 2 x 106 T(X;7)5Rl chromosomes were sorted in 0. -20,000 recombinants was constructed from DNA isolated from flow-sorted T(X;7)5R1 chromosomes. DNA minipreps from 162 clones, which were judged to be free of repetitive sequences because they failed to hybridize to radiolabeled total mouse DNA, were digested with Pvu II to release the mouse insert plus 322 base pairs (bp) of flanking vector sequence. These Pvu II fragments were individually radiolabeled and hybridized to Southern blots bearing digests of the following DNAs: M. musculus c-deletion heterozygotes (Cch/CAil and c'h1/C1PI); M. musculusiM. spretus F1 deletion heterozygotes (+SP7/cAil and +SPT/cFPI); and wild-type M. spretus (+SPT/+sPT). Each clone was hybridized to this same set of DNAs digested with at least two different enzymes.
Of the 162 clones screened, 72 could be unequivocally mapped relative to the two overlapping c-region deletions Ail and Fpl. Of these 72, one clone, 11B2, mapped within the limits of the Fpl deletion and will be described in detail below. Of the 90 clones for which no result was obtained, 28 gave no M. musculusiM. spretus restriction fragment length polymorphisms for any offour enzymes (EcoRI, BamHI, Taq I, and Msp I), 21 apparently contained repetitive sequences not detected by the prescreen (as indicated by hybridization patterns ranging from multiple bands to dark smears), and 41 gave no hybridization signal at all, probably due to very small insert size.
The hybridization pattern of one clone that did map to the c region, 11B2, is shown in Fig. 2A. 11B2 detected by 11B2. DNAs from all other M. spretus-balanced deletion chromosomes (i.e., all members of groups Ai, Bem, Bex, Dp, Di, Dp, Dj, and Dq) carry the fragment (Fig. 2B and data not shown). This indicates a map position for the locus D7ORI in the most distal end of the c-region deletion complex, near the sh-J locus (see Fig. 1 ).
Confirmation of the Map Position of D7OR1 by Standard
Backcross Analysis. The D70RJ locus was also mapped in a standard linkage backcross with respect to chromosome 7 anchor loci to provide a test of the accuracy and reliability of selecting and submapping region-specific clones with the M. musculus/M. spretus deletion panel. BamHI-digested spleen DNAs from segregants of the backcross (129/Rl-p cXh/p Cch X M. spretus)Fj X 129/Rl-p c'h/p c'h were hybridized with clone 11B2 (Fig. 3A) . [In this particular backcross, progeny will segregate p (pink-eyed dilution) and cch (chinchilla) along with restriction fragment length polymorphisms detected by 11B2 and other DNA clones.] After hybridization with 11B2 and autoradiography, the blots were stripped and rehybridized with a 0.8-kb EcoRI-HindIII fragment of pPK268 (30), which is derived from the 3-globin (Hbb) locus that maps 8 cM distal to c and 2 cM distal to sh-l. This Hbb probe recognizes a 5-kb fragment (designated HbbM) in 129/Rl DNA and a 13-kb fragment (HbbsP7) in M. spretus DNA (Fig.  3B) . Results from the genotyping of 134 backcross progeny, summarized in Table 1 , indicate that D70RI maps 3.7 ± 1.6 cM distal to c and 1.5 ± 1.0 cM proximal to Hbb. This map position is entirely consistent with the results of the deletionmapping experiments with M. musculus/M. spretus F1 animals, which also place D70RI between c and Hbb, in the vicinity of sh-1.
DISCUSSION
The goal of the experiments reported here was to develop and test a strategy for taking the first step toward detailed molecular characterization of the genes and developmental functions associated with large segments of the mouse genome. An integral component of this strategy is the exploitation of extensive "complexes" of agent-induced, overlapping deletion mutations to map DNA clones to specific chromosomal subregions associated with specific developmental phenotypes. The panel of c-locus deletions in chromosome 7 (2, 9) is particularly suited to this strategy because extensive genetic analysis of c-deletion complementation patterns has produced a functional map that localizes loci responsible for such phenotypes as early embryonic, perinatal, and juvenile lethality, male sterility, and inner-ear abnormalities.
A transformed cell line carrying a large and morphologically distinct translocation chromosome that includes the wild-type c region (28) made possible the construction of a flow-sorted chromosome library enriched for chromosome 7 sequences. Random, anonymous DNA clones from chromosome-specific libraries are especially useful for gaining molecular access to relatively large chromosomal regions because all DNA sequences within the region should be equally represented.
Because long deletions are almost always homozygous lethal at or before implantation, DNA cannot readily be obtained from deletion homozygotes. Indeed, even embryonic stem-cell (ES) lines cannot be generated from embryos homozygous for one of the relatively shorter deletions of the The cross used to generate the gametes listed was as follows: (129/ R1 x M. spretus)F1-p CCh D70RIM HbbM/+ + D70RISPT HbbSPT x 129/Ri-p cC/I D70RIM HbbM/p cC/l D70RIM HbbM. P, parental configuration; C', crossover between p and CCh; C"l, crossover between c'" and D7ORJ; C"'1, crossover between D7ORI and Hbb.
No double crossovers were seen in any progeny. Based on these data the order is as follows (with genetic distances): p-(14.1 ± 3.0 cM)-cc/I0(3.7 ± 1.6 cM)-D70RJ-(1.5 ± 1.0 cM)-Hbb.
*AIl segregants also carry a p cct D70RIM HbbM chromosome.
Bem complementation group (ref. 9; Fig. 1 ). As a consequence, we have based our clone-selection and mapping strategy on a panel of DNAs derived from interspecific hybrids. Once large M. musculus-derived deletions are balanced opposite a nondeleted chromosome from a M. spretus sire, restriction fragment length polymorphism analysis can readily, and unequivocally, identify a clone that falls within the deletion interval because the maternal, M. musculusspecific hybridization band contributed by the deletion carrier will be absent from DNA of the F1 animal. This method of mapping obviates the need for analysis of one-versus two-copy hybridization-intensity differences between deletion heterozygotes and wild-type controls, which can be an inexact and tedious procedure for screening large numbers of clones. Indeed, this M. musculusiM. spretus strategy has recently been successful for mapping of DNA clones to a deletion involving the dominant spotting (W) locus in mouse chromosome 5 (31, 32) .
In a pilot experiment, 162 anonymous clones derived from flow-sorted T(X;7)5R1 chromosomes were screened on DNAs from M. musculusiM. spretus F1 animals carrying the Ail or Fpl c deletions (see Fig. 2A ). This pilot experiment provided valuable logistical information on how best to handle large numbers of clones and screening blots and proved the efficacy of detecting a clone that falls within the limits of the largest deletions. Of the 72 clones that could be fully tested, one, 11B2, was found to map within the limits of the Fpl deletion. If chromosome sorting could yield a pure fraction of the T(X;7)5R1 chromosome, one would expect, based on the estimated sizes of the deletions compared with the overall size of the chromosomes, to find 1 in 20 clones mapping to the region. We expect that multivariate chromosome-sorting and chromosome microdissection will greatly increase the purity of subsequent DNA libraries and the efficiency of deriving clones that map to this region.
The clone, 11B2, which defines the locus D70RI and which maps within the limits of the c-locus deletions Fpl It is noteworthy that D70RI maps in the vicinity of sh-J. Mutations of this locus result in anomalies of the inner-ear labyrinth (19) (20) (21) . Although no information yet exists about how close it is to sh-1, D70RJ could prove useful as a molecular access point to this interesting mutation affecting inner-ear development. Likewise, D70RJ maps in the area near the distal breakpoints of the Bp, Dp, and Dq deletions and should be useful for expanding the molecular map of a subregion required for development of the preimplantation embryo. Moreover, clone 11B2 can now be used to initiate molecular walks to these deletion breakpoint-fusion fragments, resulting in chromosome "jumps" across the deleted regions into the proximal end of the albino-deletion complex.
Several DNA clones, most notably the anonymous sequence 12A, also isolated from a flow-sorted-chromosome library (33) , tyrosinase clones of both human (34) and mouse (35, 36) 
